Graphene is two-dimensional nanomaterial consisting of a single layer of sp 2 network of carbon atoms (Fig. 1a) 1 . While the thickness of a graphene sheet is on the order of a single atomic unit, its lateral dimension can approach up to tens of microns.
This is especially important for single sheet level research, which starts from selecting proper GBS pieces for further experiments. Imaging is also crucial for evaluating the microstructures of solution processed GBS thin films such as surface coverage, degree of wrinkles, overlaps, and folds of individual sheets, which heavily affect the overall material properties. Therefore, developing a high-throughput, low-cost, general imaging technique that allows quick evaluation of GBS materials would be highly desirable as it could boost the R&D capability from a fundamental level. In the following sections, we first review various techniques that have been used to visualize the single atomic GBS, and then discuss a recently developed method named fluorescence quenching microscopy 30 .
Current imaging techniques for GBS Optical microscopy
Regardless of the chemical composition, all GBS share one common structural feature -they are all essentially a single atomic layer.
This makes the absorbance-based optical microscope observation very difficult. The optical absorbance of pristine graphene (a.k.a., mechanically exfoliated graphene) has been found to be 2.3% per single layer in the visible range 31 . Although it is possible to acquire optical images of suspended graphene sheets under bright field transmitted light (Fig. 1d) , routine observation is difficult, especially when graphene is deposited on a substrate that increases the background absorption. This hinders the identification of graphene sheets on a substrate. GO has much paler color and even weaker optical absorbance than graphene (Fig. 1e) , which practically prohibits its direct optical observation by eye under bright field illumination.
Nevertheless, under reflective illumination, high-contrast optical imaging of graphene and even GO sheets has been demonstrated by interference-based techniques (Fig. 2a) 32, 33 and imaging ellipsometry (Fig. 2b) 34 , but only on dielectric-coated silicon wafers, where the thickness of the dielectrics (e.g., SiO 2 or Si 3 N 4 ) and the illuminating wavelength need to be optimized. In fact, it is on such substrates that graphene was discovered in 2004 using an optical microscope under reflective illumination.
Scanning probe microscopy
Scanning probe based techniques have been widely used to image GBS materials, since its high resolution allows accurate height measurement at nanometer scale, which can be used to count the number of layers in a GBS. Among various types of scanning probe microscopy techniques, atomic force microscopy (AFM) (Fig. 2c ) is most commonly used to characterize GBS. For instance, the thickness of a single layer GO sheet was experimentally measured to be around 1 nm by AFM 24 . It has become an essential piece of instrument (b) (a) (c) (d) (e) for research in the GBS area. Scanning tunneling microscopy (STM, Fig. 2d ) is often used for imaging GBS when atomic scale resolution is needed 35 . The major disadvantage of scanning probe techniques is their low-throughput, making it costly and time-consuming for large-area sample examination. In addition, they need to operate on low-vibration platform and the samples need to be deposited on low roughness surface such as Si wafer, freshly cleaved mica, or quartz.
Fig. 1 Structural models of (a) graphene, (b) graphene oxide (GO) and (c) reduced graphene oxide (r-GO). (d) Optical

Electron microscopy
Electron microscopy, especially scanning electron microscopy (SEM) is routinely used to image nanomaterials. It has become a quite standard, easy-to-use instrument that is capable to image GBS down to single layers ( Fig. 2e) 36 . When an electron beam impinges on a sample, electron-matter interactions can produce a variety of products such as backscattered electrons (BSE), secondary electrons (SE), auger electrons, X-ray, and cathodoluminescence, which can be selectively collected and combined to generate images. BSE signal comes from elastically scattered, high energy incident electrons, and is sensitive to atomic composition of the specimen since heavier elements scatter more efficiently. Some incident electrons also experience inelastic scattering to transfer energy onto the specimen atoms, during which lower energy SE is emitted from the excited atoms. SE signal can generate high resolution images but is sensitive to surface charging. Therefore, insulating samples such as GO are harder to image with SE. Fig. 2e is a SEM (Hitachi FE-SEM S-4800) image of insulating GO sheets deposited on a Si wafer with native oxide layer. The image was acquired by an in-chamber, lower detector positioned near the sample surface, which collects signals from both SE and BSE. In addition, the signal to noise ratio of lower detector images is better since it is closer to the sample surface. Thus it was found that SEM images of GO sheets acquired by lower detector are less affected by surface charging, and can be very "crispy" such as the one shown in Fig. 2e . As a result, we have been able to use SEM for high throughput examination of GO sheets over centimeter scale areas.
However, the main drawback of SEM is that it works best for samples deposited on conducting substrates. Direct imaging of GO deposited on glass or plastic substrates has been extremely difficult. In addition, the electron beam can easily damage the GO sheets, especially when high acceleration voltages or short working distances are used, resulting in burnt spots and unwanted carbonaceous contamination. Transmission electron microscopy (TEM, Fig. 2f ) can offer insight into the local structures of GBS down to atomic level 28 , but is a rather low-throughput technique. Both SEM and TEM require vacuum environment during operation.
Raman imaging
Raman imaging (Fig. 2g ) has been particularly useful for identifying the number of layers in a mechanically exfoliated graphene sample 37-39 .
However, the sample needs to be deposited on low fluorescence 40 . Laser heating will be more destructive for GO since it is known to be sensitive to light and heat 41, 42 .
New imaging challenges for GBS materials
Nearly all the current imaging techniques rely on the use of special types of substrates (Table 1) . Alternative methods that can produce high-contrast images of GBS on arbitrary surface should be highly desirable as it can meet the need for high-throughput sample evaluation in diverse applications ( provide direct evidence whether a crumpled phase of GO exists [43] [44] [45] . It may reveal how GBS materials assemble under various conditions (e.g., temperature, ionic strength), which will greatly advance our knowledge of these 2D colloids. It could help to understand how to better control the size of sheets by watching how their size evolve during chemical treatment (e.g., solution phase oxidation and reduction). In addition, it will enable the observation of dewetting process of a GBS dispersion, which will offer insights for improving thin film processing techniques.
A third challenge is observing GBS sheets embedded in a polymer matrix for designing better composites. This can help to answer questions such as how the sheets disperse in the matrix and how they respond under external stress.
Fluorescence quenching microscopy (FQM)
Direct fluorescence microscopy imaging of GBS Some GBS, such as GO has weak fluorescence in the visible and near-infrared region (Fig. 3a , brown line), which in principle, can be utilized for visualization upon excitation. Fluorescence microscopy is a mature technique for identifying the positions of target objects in both solid and liquid forms, which has been especially useful for biological samples. Although GO nanosheets have been used as fluorescence label for cell imaging 46 , unfortunately, we found that the fluorescence of micron sized GO is too weak for real-time observation. Fig. 3b shows a dark field fluorescence image of GO sheets deposited on glass, in which the sheets can be clearly seen. However, it took about 10 seconds of signal integration time with the maximal excitation intensity to acquire this image by a cooled, high-sensitivity CCD camera (Photometrics CoolSNAP HQ2). r-GO is an even weaker emitter in the visible range (Fig. 3a, black line) , which makes it impractical to be visualized under the same imaging conditions. The inset in Fig. 3c shows an optical microscopy image of an r-GO film taken under bright field transmitted light. Some dark islands are visible, corresponding to the thick, multilayer aggregates. However, under the fluorescence mode, no feature is visible even over prolonged exposure time (Fig. 3c) .
Fluorescence quenching by GBS
To enhance or enable the visibility of objects of interest in fluorescence microscopy, a routine method is to brighten them up with fluorescent labels 47 . However, it has been well known that graphitic systems, such as carbon nanotubes 48, 49 and graphite 50 itself are efficient fluorescence quenchers for dye molecules through both the short-range interactions such as electron or charge transfer, and long-range energy transfer. In fact, this effect has been utilized to reduce the fluorescence interference in Raman spectroscopy 50 . Recent theoretical 51, 52 and experimental 53 studies indicate that GBS also strongly quenches the emission of nearby dye molecules. We have found out that GO and r-GO are efficient fluorescence quenchers for dyes with very different molecular structures and absorbance/emission profiles. Fig. 4 shows the fluorescence spectra of three different dyes, namely fluorescein (green),
(DCM, red) and 2,5-bis(5-tert-butyl-2-benzoxazolyl)thiophene (BBOT, blue). The fluorescence intensities were significantly reduced upon the addition of small amount of r-GO, or even GO, regardless of the types of dyes (Fig. 4, inset) . The fluorescence quenching by GO is likely due 
Fig. 4 FQM for visualizing GBS. Upon the addition of small amount of GO and r-GO, the fluorescence of (a) fluorescein, (b) DCM and (c) BBOT becomes significantly reduced (insets). This result suggests that fluorescence quenching by GBS is a general phenomenon independent of the fluorescent dye used. (d) In
to the residual graphitic domains that survived the severe oxidation process 25 . This result presents a great challenge for fluorescence imaging of graphitic materials by labeling, since the fluorescence from the attached molecules will likely be quenched. Although fluorescent labeling of carbon nanotubes has been reported, it relied on rather sophisticated chemical functionalization to insert a suitable nanospacer between the dye molecules and the carbon nanotubes to reduce emission quenching 54 .
Fluorescence quenching microscopy of GBS Since the fluorescence quenching effect by GBS is strong enough to generate stark contrast against the bright background, FQM can produce high-contrast images comparable to those taken by SEM or AFM, with much simpler and cheaper instrument (Fig. 4e) . Mechanically exfoliated graphene and r-GO have higher quenching efficiency, and thus can be easily observed by FQM, too 30 .
Comparison of AFM (Fig. 5a ) and FQM (Fig. 5b) images taken at the same sample area confirms that the image generated by fluorescence quenching truly represents the morphology of GBS. Height profile of AFM measurement shows that the GO sheet shown in upper left corner of the area is a single layer with a folded edge (Fig. 5d) . In FQM image, the folded area appears darker than the single layer domains.
Since the apparent thickness of GO was measured to be around 1 nm 24 , the higher degree of quenching by double layers suggests that the underlying quenching mechanism is likely based on a long range effect such as resonance energy transfer through dipole-dipole interactions 51, 52, 55 . In contrast, the short-range mechanisms are
Fig. 5 (a) AFM image of GO sheets deposited on SiO 2 /Si substrate showing single layers and folded double layers. (b) FQM image of the same area after spin-coating a fluorescein/PVP thin film, which perfectly match the AFM view in (a). The dye layer can be easily removed by brief washing with water or ethanol. (c) AFM image of the same area after dye removal shows that the underlying GO sheets were not disrupted or contaminated by the FQM process. (d) Line scans of a GO double layer before and after dye coating show no significant deviation in thickness, suggesting that FQM can be non-destructive. Compared to (e) the reflectance optical microscopy image, (b) FQM image can offer much improved contrast and layer resolution comparable to (a) AFM and (f) SEM images. All scale bars = 10 µm.
less useful for imaging as they are unlikely to resolve the difference between single and multilayers, which would not be capable to reveal the important morphological factors such as wrinkles, folds, overlaps or number of layers 56 . Fig. 5 thus demonstrates the layer counting capability of FQM. After FQM imaging, the dye layer can be easily removed by brief washing with solvents. For example, the AFM image of the same GO sheets after rinsing off the fluorescein/PVP layer (Fig. 5c ) appears identical to the one before applying the dye layer (Fig. 5a) , so does the height profile of the folded area (Fig. 5d) . No contamination or change in sheet morphology can be detected in both Fig. 5c and 5d . Due to the large surface area of GBS, their van der Waals adhesion 57 to the substrates is strong enough to protect them from multiple spin-coating and washing steps, thus making FQM non-destructive. We were able to acquire images of the same sample areas by (a, c) AFM, (b) FQM, (e) reflectance optical microscopy and (f) SEM. It can be clearly seen that FQM offers drastic improvement over reflectance optical microscopy. Its resolution and layer contrast are comparable to AFM and SEM.
Resolution and contrast of FQM
Being a light based technique, the lateral resolution of FQM is diffraction limited. However, it is well suited for observing micron-sized sheets, which happens to align well with the increasing demand for synthesizing larger GBS materials 58 .The contrast of FQM originates from emission quenching by GBS, which creates dark regions in the bright fluorescent layer upon excitation. The visibility contrast can be described as C = (I B -I G )/I B , where I B and I G are the optical intensities of the background and the GBS domains in a FQM image, respectively (Fig. 6a) . C is essentially a measure of percentage quenching. I B -I G is related to the depth of quenching extended into the dye layer, or the effective quenching distance. It can be defined as the maximal separation between GBS surface and the dye molecules, at which the rate of energy transfer becomes comparable to the natural fluorescence decay rate of the dye molecule (i.e., when the presence of GBS no longer quenches the dye emission) 55 . If the dye layer thickness is thinner than the quenching distance, the emission from the entire dye layer above the GBS could be quenched (I G ≈0 and C≈1). Indeed, with a 30 , with permission, ACS Publication.
Fig. 6 Effects of the thickness of a spacer layer (upper row) and the dye layer (bottom) on the FQM contrast. (a) When a thin dye layer (< 5 nm) is applied, emission of all dye molecules above the sample can be quenched, resulting in maximal FQM contrast (C≈1). (b) With a 20 nm polystyrene spacer between the dye film and GO sheets, the contrast is decreased since there are excess dye molecules beyond GO's effective quenching distance. (c) With a 200 nm thick spacer, essentially no emission quenching is observed. (d) When a 30 nm thick dye layer is applied, the overall image contrast is decreased but the difference between single and multilayer becomes apparent due to incomplete emission quenching. (e) With a 200 nm coating, however, the overall contrast is much reduced, which hinders naked-eye observation. The optimal dye thickness was found to be in the range of 20 to 50 nm. All scale bars = 50 µm. Adapted from
fluorescein/PVP layers thinner than 5 nm, nearly full contrast (C=0.98) was observed in the FQM image of GO sheets (Fig. 6a) . When a 20 nm thick, non-fluorescent polystyrene (PS) layer is inserted between GO sheets and the dye coating as a nano-spacer, the contrast of GO decreases (Fig. 6b) . No fluorescence quenching can be observed with a 200 nm thick spacer (Fig. 6c) . Recent theoretical studies show that graphene is an excellent long-range fluorescence quencher with an effective quenching distance extends up to 30 nm. Our experiments clearly demonstrate that even GO has the long-range quenching capability. Fig. 6b and 6c suggest that the effective quenching distance for GO, which is a weaker quencher, should also be on the order of tens of nanometers. The long-range quenching effect will make the GBS appear slightly larger by tens of nanometers in FQM images, but this is negligible compare to the intrinsic resolution limit of optical microscopy -the wavelength of visible light. Therefore, the lateral resolution of FQM will not be compromised.
Although thinner dye layer produces higher FQM contrast, which can facilitate the detection of GBS materials, it also results in an "over-saturated" condition where C≈1 for all the sheets, regardless of their thickness (number of layers). This is not suitable for resolving the number of layers, or the degree of overlapping between neighboring sheets. When the dye coating is thicker than the effective quenching distance, there is a layer of dye materials beyond the "reach" of the GBS (Fig. 6d) , therefore they remain bright upon excitation. This decreases the overall contrast, but turns out to be beneficial for imaging since it helps to reveal more details in the image. Multilayers of GBS pieces can quench the emission of more dye molecules above them, thus appearing darker than monolayers (Fig 6d and 6e) . The optimal thickness of the fluorescein/PVP coating to ensure layer counting capability, while maintaining high overall contrast was measured to be in the range of 20 to 50 nm. Within this range, vivid details, such as overlaps, wrinkles and folds, of underlying GBS materials can be readily observed by naked eye.
New capabilities enabled by FQM
Evaluating GBS films deposited on plastic substrates
Plastic supported GBS films have great promise as a component in cheap, flexible electronic devices and surface protective coatings.
Typically, such films are created by solution processing 7, 9, 12, 59, 60 such as dip-coating, drop-casting, spraying or spin-coating using GBS dispersion. The properties of the final thin films are determined largely by surface coverage and morphology of the individual sheets, which are heavily dependent on the synthetic and processing techniques.
For example, excessive degree of wrinkles and folds will reduce the surface coverage and increase the roughness, which will deteriorate their performance as electrodes. However, it has been a great challenge to image such thin films using current imaging techniques since common plastic substrates are insulating, amorphous and may not be smooth enough for AFM imaging. FQM is particularly suitable for this task, since it lifts the need for special substrates. Fig. 7 shows FQM images of GO sheets deposited on polyester substrates, processed by three different techniques, namely drop casting (Fig. 7a) , spin coating ( Fig. 7b) and Langmuir-Blodgett (LB) assembly (Fig. 7c) 36 . It can be clearly seen that uncontrolled dewetting process, as occurred in dropcasting and spin-coating, tends to produce heavily wrinkled and folded GO sheets. Furthermore, GO sheets were found to be stretched along (Fig. 8a) . Therefore, molecular monolayer appears brighter than background in a BAM image. BAM can be a useful tool to observe the dynamic assembly behaviors of GBS on water surface (Fig. 8b) .
However, BAM with resolution sufficient for revealing the single layer details has not been made widely available yet. 
be clearly seen, GO sheets are barely visible. When switched to FQM mode, however, GO becomes readily visible as dark sheets (Fig. 9b) .
Real-time observation of the dynamic solution behaviors of individual GBS piece is now possible with FQM. We have observed two general dewetting behaviors of GO sheets, namely drifting (Fig. 9c) and crumpling (Fig. 9d) . Small GO sheets tend to drift along with the receding contact line, during which they rotate until one of its longer edges is aligned with the contact line. Larger, more flexible GO sheets often become pinning sites for the receding contact line. Then the capillary force imposed by dewetting can often fold them up into a heavily crumpled geometry. Thus, real-time FQM observation explains the presence of large amount of wrinkled, folded and overlapped sheets in drop-casted GO films.
FQM based microfabrication
The dye/polymer coating for FQM can be easily washed away if necessary. However, it can also be "utilized" for further processing.
FQM is independent of the types of dyes and polymers used to form the fluorescent dye layer. High quality FQM images of GO sheets have been obtained using dye doped photoresist SU-8 and deep UV resist poly(methyl methacrylate) (PMMA) (Fig. 10a, 10b ). Since the photoresist coating is required during microfabrication of devices, SU-8 or PMMA based FQM is fully compatible with photolithography processes. One can envision performing lithography without the need for alignment marks since GBS, regardless of the substrate, can now be seen through the photoresist layer. As illustrated in Fig. 10c, one can first illuminate the sample with lower energy photons (e.g., green)
that are safe for the resist materials, find the suitable sheets, and then insert a photo mask in the optical path of the microscope to define the exposed areas. Note that with a fluorescence microscope, this can be conveniently done by switching filter cubes of different exciting wavelengths. Therefore, FQM should be able to extend the "on-sheet" GBS device fabrication capability to flexible, plastic substrates.
For example, FQM can be coupled with the microscope projection photolithography technique 64 to make devices. As a proof of concept, we first select a GO sheet deposited on glass slide using FQM, and then insert a photo mask in the field diaphragm of a fluorescence microscope to project the electrodes pattern onto the same sheet (Fig. 10c, bottom) .
Outlook
Microscopy imaging usually plays a critical role in material discoveries at small length scales as evidenced by the discovery of graphene itself 1 . FQM is a general, low-cost imaging method that allows high-contrast, high-throughput visualization of GBS. Certainly, FQM is not going to completely replace the current imaging techniques.
Being an optical microscopy, it is not suitable for observing structures beyond diffraction limit. However, it is especially useful for quick sample check, which so far is heavily relying on AFM and SEM.
Moreover, it enables new imaging capabilities on plastics and in solution. The highly versatile nature of FQM should make it a general imaging tool for characterizing graphene based materials, which should help to advance our understanding on the processing-structureproperty relationships of these 2D nanomaterials. In addition, the remote fluorescence quenching effect behind FQM could also make it useful for investigating molecule-graphene interactions at various separations.
